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Overview: Redesign in BOTTLE

Goal of Redesign

* To create tomorrow’s plastics to be recyclable-by-design
(RBD), economically viable, and derived from bio-based
sources and today’s waste plastics

* Develop energy efficient processes to produce and recycle
redesigned materials

* Redesign aligns with DOE’s Strategy for Plastics Innovation

Redesign approaches

* RBD acrylic bioplastics with performance & recyclability
advantages over incumbent acrylics

* RBD polymers that unify conflicting polymerizability,
recyclability, and performance properties

* Biodegradable polyhydroxyalkanoates (PHAs) designed to
exhibit properties of all types of polymer classes

* Redesigned PHAs that overcome three challenges facing
traditional PHAs: mechanical toughness, melt-processability,
and chemical circularity

"‘

Upcycling + Redesign

Plastic Waste Deconstruction

New plastic goods are created that
are recyclable by design

Plastic goods are broken down using various
biological and chemical processes

Thermal Catalysis S goods can be
deconstructed

|| xed raWw may,
“\)G e”é " again
Upcycled
Materials
Electrocatalysis
csschoes > P— ,O/\O. ... Closed loop
v’ %, recycling
Biocatalysis Infinitely
Recyclable
Polymers
'.V
P 7 _‘:"_:n - _'.
Photocatalysis . Z é
N y 2 211

" Biomass added to create
these new polymers
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Approach: four design principles for circular polymers

Intrinsically Circular Polymers (iCPs)

High T, \
polymers

iCPs

ﬂ)w TC \Tunable pmper%

Catalytic DP
(low E path)

s,

;;;;

Pﬂ

o E
> —Z Kinetically trapped
\ j Qgh selectivity  Thermodynamically favoy
4 T<T T=T, T>>T, A
< ~ e >> T Kineticall
nM+ — +P ~——= P, —> y
M+ M+ P, P, P, trapped
‘, ‘ \~ ¢"
""""""""""""" Reaét-i\-/ating
\ T>Te or triggering Y.
Thermodynamic Strategies to Predictive Supply-chain
and kinetic overcome computational LCA and TEA
considerations tradeoffs modeling outputs

St P E Fo =5

Broadbelt, Beckham, Chen, et al. Chem 2021

* Three key challenges for circular polymers — Energy Input,

Wi,

Selectivity, and Recyclability/Performance tradeoffs — can

be addressed by kinetically trapped, low-ceiling
temperature (LCT) RBD polymers

* Kinetically trapped polymers can be designed to exhibit

both closed-loop lifecycles and thermal and mechanical
properties rivaling/exceeding commodity plastics

Unable to produce RBD Building blocks for RBD polymers

polymers at commodity will likely be initially more expensive,

prices and achieve 250% but analysis can enable cheaper

energy saving relative to syntheses and full life cycle

today’s materials assessment of linear versus RBD
polymers
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Progress: RBD-LCT bio-based acrylic plastics O

Current challenges :

PMMA and typical bio-based acrylics have high T,

They require high E input (=400°C) and suffer from
competing decomposition reactions

Can we design bio-based acrylic plastics with full
recovery of monomer under mild conditions (<250°C)?

O
T, = 296°C (bulk) n
o7 = = O
O °
\
MMA PMMA °
O [ ]
T, = 405°C (bulk) n
O A -
o’ O
MMBL PMMBL

Design & Impact:

Solvent-free
RT, >98%

220 °C, 1 h, 99.5%
Energy-efficient polymerization / recycling with quantitative yield, no solvent
PMVL with M,, up to 100 kDa, Tz = 184°C (vs Tz ~ 105°C for PMMA)

Depolymerizable under mild (220°C) conditions (vs. 400°C required for other
acrylics)

TEA showed that PMVL is cost competitive with PMMA, it breaks even with
only 15% recycling, and the cost drops to only $1/kg with ~90% polymer
recovery after end use

Gilsdorf, Rao, et al. Manuscript in preparation 85



Hybrid monomer design

* Hybrid monomer design can synergize property
trade-offs

Traditionally Unyielding Trade-offs

resulting circular polymers

nylon 4

Recyclable but 5-LM fusion
not melt-processable LCT
B 0T
Synergizing ™ trade-offs 0 ; . .
Py e P
n ' K
. nylon 6 e L
High performance but ot
- hard to recycle 7-LM
HCT

A

* Hybrid monomer design can both unify desired and
conflicting properties in a single monomer structure
and radically alter performance properties of the

-

:> BLM Circular H)\
||| Nylon a n
v

5
Oy nylon 4/6
High performance
HN
7 melt-processable
recyclable
hybrid
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High-performance RBD polyester

a

C Polymerization

Monomer Pair Hybridization (25°C)

-------------------- o leah [Cat]1

é @ = @ w{ AU :
w[Catl, open
' V‘BL _______________ [5+7] fusion 120 C PBiL t?(‘){

Very low High High Polymerizability | Tg=114-135°C 0]
Low Medium  High {3 Performance | T = 150-263 °C Depolymerization 09\
High (100%) Low High (100%) Recyclability Tq=320-330°C (120 °C) n

(3]

T
£

100
20 ] T,g = 336 °C \ﬂ

60 4 Tnax = 355 °C

1%t cooling scan

T
w

%
N 0
(@) 5
close

[High polymerizability (via ring opening of HCT—7)]

2" heating scan

N
Deriv. Weight Change (%/°C)

40
263 °C

X 20
1%t heating scan
T, =293°C 04

50 0 50 100 150 200 250 300 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

* High-performance properties & full recyclability under mild conditions (120°C, bulk)
* Potentially biodegradable and compostable (aliphatic polyester)
* Promising candidate for PET replacement

Weight percentage (%)

o

High recyclability (via ring closing of LCT-5)
High performance (via in-chain ring-6)

C Shi, et al. Chem 2021 87



Optically clear, melt-processable, recyclable hybrid nylon

5 \)
B
\HN’ L ase,
e I Cireuor e Synergistically combine full recyclability of
o Nylon nylon 4 with high-performance of nylon 6 into
\\/ hybrid nylon 4/6
I'\ &/NH RS * Nylon 4/6 overcomes non-melt-processability

““““

of nylon 4 and poor recyclability of nylon 6

* Nanocystalline domains allow for optical
clarity

alA]

-10 05 0 05 10 15

(g}
o
';'_

o

©
o
P
_‘x°
o
o
0
.
e

Cywar et al. J. Am. Chem. Soc. 2022 88



Closing one monomer - two polymer loop

AH, = — 34.7 kJ-mol! AH, = — 19.8 kJ-mol-!

AS°, = —88.7 J-mol'-K! AS°, = —58.3 J-mol"-K-"!

é?b T.= 118°C (1.0 M) T.= 66°C (1.0 M)
o w 225 °C (bulk) 233°C  (bulk)
4
9]
? [Cat], G2 or G3
% ROMP 2 " SR N y SRTN °N—b
% *P@ i‘n* ROP @ ROMP p
: NZnC 4 ~ G2~ n o
d0ic BiL= 40°C [0}
P(BiL%)rop A P(BiL%)romp
N Seic :
Cission Orthogonahty Tqy=103-115°C ( o \ Tg=111-113°C

T =141-239 °C

M, up to 340 kg/mol
Tos0 = 278°C &0 ¢ C> Toso = 361 °C

 One monomer for two different classes of polymers W Pk@

(o]

/
(o)
* Orthogonal production of polyester and polyolefin P(BIL")romp -CO-P(BIL")rop = t'z i 0
¥ i
. . . (o] N
* Recycling of polyester, polyolefin, their copolymer, or 0 . *P‘\Q/q*
[0} n
- " % * * 0 *
physical blend, all leads to the same, single W i P‘\@ &
monomer P(BiL")rowme /P(BiL™)rop P(BiL*)gop + BiL* BiL=

* High Tg, Ty, & barrier material (PET replacement) C. Shiet al. J. Am. Chem. Soc. 2092



RBD polymer with superior barrier properties

e - ~ T -_
: ! T 12f 12.76 .
—_ © i 1
<) I i
B E 8t .
e L
& B 1
10 20 30 40 50 E 4 i i Tm =213°C
20(°) L
1D WAXS Profile . . § 2F 0.71 1 T T T T T T T T 1
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o 20+
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.. . . 10
* Tunable crystallinity and mechanical properties
* Full chemical recyclability and industrially compostable T

 Superior barrier properties for WWTR and PO, to today’s packaging polymers Strain (%)

C. Shi et al. in preparation 90



Chemo-catalytic route to designer PHAs with tunable properties <
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* Fast kinetics in synthesis (minutes to hours)
* Scalability and large scope of monomers

* Designer PHAs with properties of all polymer classes -
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Promising alternatives to LDPE, HDPE, PP, SBS

Quinn, Zhang et al. in preparation 91
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Redesignhed PHAs with toughness, melt-processability & circularity

T 0 R ok o rR Y ® )
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Impact

4 design principles to guide circular polymer design

* Bio-acrylic that exhibits performance-advantaged
properties and enhanced recyclability over
incumbent PMMA

* Hybrid monomer design leads to RBD polymers with
closed-loop lifecycles and excellent properties

* Chemo-catalytic PHAs can be designed to exhibit
properties of all polymer classes

* Redesigned PHAs overcome the 3 challenges with
conventional PHAs: mechanical toughness, melt-
processability, and chemical circularity

* Field-leading studies published in high-visibility
outlets and established a comprehensive IP portfolio

* Materials are being used in industrial projects

Thermodynamic Strategies to Predictive Supply-chain
and kinetic overcome computational LCA and TEA
considerations tradeoffs modeling outputs

S 7 g ™=

Solvent-free
RT, >98%

39 ) O /\
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" Scission orth Chain V" 220 °C, 1 h, 99.5%
ogonality al ’ , 99.9%
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w iep The Redesign task
has a strong pipeline
of new polymers -
Future work in
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Richard K. Brizendine, Erika Erickson, Stefan J. Haugen, Kelsey J. Ramirez, Joel Miscall, Davinia Salvachia, Andrew R. Pickford, Margaret J.
Sobkowicz-Kline, John E. McGeehan, Gregg T. Beckham, Effect of particle size and substrate crystallinity on enzymatic depolymerization of
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Patents and patent applications

e Synergistic dual cure for rapid manufacturing of thermoset material, 22-71: U.S. provisional patent application
63/414,238

e Base-mediated method for the recycling of epoxy resin-carbon fiber composites, 22-130: U.S. provisional
patent application 63/418,874

e Renewable bio-advantaged plasticizer generated by reductive cross coupling of lignin-derived aromatics, 22-
124: U.S. provisional patent application 63/379,217

e Process for sequential acetolysis-autoxidation of plastic streams, 22-107: U.S. provisional patent application
63/383,293

e Methods and systems for dye removal from polymer textiles, 22-106: U.S. provisional patent application
63/384,137

e Biodegradable elastomeric thermosets from microbially-produced polyhydroxyalkanoates, 19-104: U.S.
provisional patent application 63/386,011

e Light-driven C-C bond cleavage enabled by polyoxometalate photocatalysts, 21-95: U.S. provisional patent
application forthcoming
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Patents and patent applications

e Hydrogenolysis of Polyethylene and Polypropylene into Propane over Cobalt-Based Catalysts, 22-81: U.S.
provisional patent application 63/340,322

e (Catalysts for Depolymerizing Plastics, 20-22: 17/370,244

e Plastic Degrading Fusion Proteins and Methods of Using the Same, 20-86: PCT/US21/31610
e Polymer Degrading Enzymes, 21-88: PCT/US22/25624.

e Dissolution Purification and Recovery for Polymeric Recycling, 22-16: 63/307,676

e Method to Produce Branched-Chain Polyhydroxyalkanoates and Branched Chain 3-Hydroxyacids from Glucose,
21-63A: 63/321,207.

e Upcycling Mixed Waste Plastic Through Chemical Depolymerization and Biological Funneling, 20-123:
PCT/US21/63725.

e (Genetically engineered Pseudomonas strains capable of metabolizing ethylene glycol, 17-26: 11,021,721
e Engineered Pseudomonas for the Deconstruction of Polymers, 18-76: 17/055,626
e Microorganisms Engineered for Muconate Production, 20-48: 17/184,580
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Patents and patent applications

e Polymers from bio-derived dicarboxylic acids (BKA to nylon), 17-48: 10,662,289

e Polymers and methods of making the same (PET formulated with adipic/muconic acids), 17-55A: 17/205,232
e Monomers, Polymers and Methods of Making the Same (Bio-plastic ABS), 18-69: 16/583,471

e Bio-derived biphenyl compounds (Polycarbonates), 18-81: 16/791,873

e Bioderived monomers as replacements in petroleum-based polymers and copolymers (novel bio-based
plasticizers), 19-38: 16/790,093

e Conversion of dicarboxylic acids to monomers and plasticizers, 19-41A: 16/995,338
e Bio-derived Epoxide Triazine Networks and Methods of Making the Same, 20-26: 17/324,222

e Bio-derived Epoxy-Anhydride Thermoset Polymers for Wind Turbine Blades and Anti-Static Coatings, 20-59:
17/494,514

e Plastic waste derived polymers and resins and methods of making the same (PET upcycled to 3D printing
materials). 20-37: 17/371,421

e Mixed Waste Plastics Compatibilizers for Asphalt (filed by ASU), 21-53: 63/148,423
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Patents and patent applications

e Bioderived Benzoxazines, 20-130: 17/690,131

e Novel Routes to Bis-furan Diacids, Dialcohols and Diamines, US 9840485

e |mproved Industrial Production of Isotactic Polylactides (PLA), US 10174161

e Chemically Recyclable Polymers to Combat Single-Use Plastics, PCT Patent Pending: WO 2021/113325
e Synthesis of Crystalline Polymers from Cyclic Diolides, US Utility Patent Pending: US 2019/0211144

e Novel Compounds and Methods for Upgrading Biomass to Produce Premium Biofuels, US Utility Patent: US
9469626 B2, US Utility Patent: US 9828354 B2

e High-Speed, Stereoselective Polymerization for Renewable Bio-derived Plastics, US Utility Patent: US 9309332
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Presentations

Selective Hydrogenolysis of Polyolefin Waste to Liquid Hydrocarbons over Bifuncational Ru/Acid Catalysts, AIChE National Conference, November
15, 2022.

Developing Strategies for Polymer Redesign and Recycling Using Reaction Pathway Analysis, AIChE Annual Meeting, November 2022.
Development of non-model microbes as chassis organisms for bioconversion. Presented at the AIChE Annual Meeting, November 2022.
Redesigning Polymers to Leverage a Circular Economy, Chemical Engineering, Purdue University, November 2022.

Bio-based Polymers with Performance & Recyclability Advantages, Braskem, virtual seminar, November 2022.

Design Principles and Chemocatalytic Methods for Circular Polymers and Biodegradable Plastics, BASF Lecture in Organic Chemistry, November
2022.

Developments in Advanced Recycling, TA Instruments Webinar, October 2022.
Design of Polyolefin-like Polyesters with Closed-loop Lifecycles, ACS WRM Polymer Symposium, October 2022.

Adopting a sustainable plastics supply chain, RISE 2022, September 2022.
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Presentations

Redesigning plastics to be recyclable-by-design, RISE 2022, September 2022.
Advances in lignin and plastics conversion, VITO, September 2022.

Decoding the mechanism of autoxidation deconstruction reaction of plastics by in-situ simultaneous SAXS and WAXS,” XVIII International Small-
Angle Scattering Conference (SAS2022), September 2022.

Design of functionalized polyolefins and polyolefin-like polyesters with close-loop chemical recycling, ACS Advances in Polyolefins, September
2022.

Using synthetic biology to solve challenges in plastic waste and renewable chemical production, Biological Sciences Departmental Seminar,
September 2022.

Advancing the catalytic upcycling of waste polyolefin plastics, Beckman Foundation Regional Symposium, August 2022.
Using redesigned iron catalysts to bring aromatic subunits to a common intermediate, SIMB 2022, August 2022

Techno-economic analysis and life cycle assessment for catalytic fast pyrolysis of mixed plastic waste, BioEnergy TRP Meeting, National Renewable
Energy Laboratory, August 2022.

Bio-based, recyclable-by-design polymers, ACS National Meeting, August 2022
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Presentations

Techno-Economic analysis and life cycle assessment of mixed waste plastics via pyrolysis and gasification, ACS Fall Conference, August 2022.

Monomer design for circular polymers that unify conflicting properties, ACS Symposium: Design Polymers for Upcycling, ACS National Meeting,
August 2022.

Bio-based acrylic plastics with performance and recyclability advantages, ACS Symposium: Green Polymer Chemistry and Sustainability, ACS
National Meeting, August 2022.

Plastics recycling, upcycling, and redesign in the BOTTLE Consortium, ACS National Meeting, August 2022.
Plastics Deconstruction & Upcycling in the BOTTLE Consortium, ACS National Meeting, August 2022.

Design principles and chemocatalytic methods for intrinsically circular polymers and biodegradable plastics, ACS Presidential Event: Series-
Enabling Circular Economy via Polymer Molecular Recycling, ACS National Meeting, August 2022.

Techno-economic, life-cycle, and socioeconomic impact analysis of enzymatic recycling of poly(ethylene terephthalate), ACS Fall Conference,
August 2022.

Kinetic Monte Carlo-based tool to unravel solvolysis chemistry of step-growth polymers, National Meeting of the American Chemical Society, August
2022.
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Presentations

Tracking in situ structural changes in Ru, Mo and Co-based hydrogenolysis catalysts for polyolefin deconstruction under mild temperature using in
situ/operando X-ray absorption spectroscopy, ACS Fall Meeting: Polymer Upcycling Symposium, August 2022.

High throughput test tools for industrially relevant microbial chassis, SIMB 2022, August 2022.

Circular polymers and biodegradable plastics, Circular Polymers and Biodegradable Plastics International Research Training Group, University of
Muenster, July 2022.

Engineering P450s to alleviate a bottleneck to lignin demethylation, Intl. Conference on Porphyrins and Phthalocyanines, July 2022.
Difficult to recycle plastics, Sustainable Packaging Coalition Engage Meeting, July 2022.

Selective chemical recycling of mixed plastics waste, Polymer Physics Gordon Research Conference, July 2022.

Plastics recycling and upcycling in the BOTTLE Consortium, NASEM Committee on Repurposing Plastic Waste, July 2022.

Developing strategies for polymer redesign and recycling using reaction pathway analysis, Gordon Research Conference on Polymer Physics, July
2022.

Multi-Material Flexible Packaging Coalition SPC, February 2022.
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Presentations

Development of chemical recycling approaches for plastic waste (via webinar), BASF, March 18th, 2022
Development of chemical recycling approaches for plastic waste, Enzyclic Consortium (via webinar), January 2022
Development of chemical recycling approaches for plastic waste, UIUC, December 2021

Design Principles and Synthetic Methodologies for Circular Polymers with Intrinsic Recyclability and Tunable Properties, Pacifichem Conference,
December 2021

New building blocks for performance-advantaged renewable and recyclable polymers, Pacifichem (via webinar), December 2021
Discovery and characterization of PET degrading enzymes, University of Rochester microplastics workgroup seminar series, December 2021.
Design Principles and Synthetic Methodologies for Intrinsically Circular Polymers and Biodegradable Plastics, Columbia University, November 2021

Selective Hydrogenolysis of Polyethylene and Polypropylene to Liquid Alkanes over Tunable Ruthenium-Based Heterogeneous Catalysts, 2021
AIChE National Conference, Boston, MA, November 2021.

Plastics recycling and upcycling, ACS Converge (via webinar), October 2021
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Presentations

Genetic tools and microbial engineering for biological production of sustainable fuels and chemicals, Presented to Weekly Seminar for DOE
CCIl/SULI Students. October 2021

Heterogeneous Catalytic Deconstruction and Upcycling of Waste Polyolefins, Biodesign Institute at Arizona State University, SM3 Seminar Series,
October 2021.

Domestication of diverse non-model microbes for plastics upcycling and sustainable fuel and chemical production, Biological Sciences
Departmental Seminar, Michigan Technical University. October 2021.

Catalysis for valorization of lignin and plastics, Great Plains Catalysis Society (via webinar), June 2021

The critical role of economic and environmental analysis to guide research in lignin valorization and plastics upcycling, Keynote Invited Lecture,
ACS Green Chemistry and Engineering (via webinar), June 2021

Towards Intrinsically Circular Thermoplastics and Reprocessable Thermosets, Dow Chemical Company, virtual seminar, May 2021

Recent progress in performance-advantaged bioproducts and plastics upcycling, Arizona State University (via webinar), April 2021

Recent adventures in biomass conversion and plastics upcycling, Rutgers University (via webinar), April 2021
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Presentations

Recent adventures in biological plastics upcycling, MIX-UP Consortium (via webinar), April 2021

Framing challenges and opportunities for chemical recycling of waste plastics, ACS Presidential Symposium on Chemistry and the Future of
Plastics (via webinar), April 2021

Recent updates in plastics upcycling from the BOTTLE Consortium, ExxonMobil Research and Engineering, April 2021

Design Principles and Synthetic Methodologies for Circular Polymers and Biodegradable Plastics, KAUST, Physical Science and Engineering
Division, virtual seminar, April 2021

Heme and non heme iron enzymes and renewable carbon, University of San Antonio Texas, April 2021
A flexible kinetic assay efficiently sorts potential biocatalysts for BHET hydrolysis, Symposium on Biomaterials, Fuels, and Chemicals, April 2021
BETO 2021 Peer Review, virtual, March 2021

Design Principles for Circular Plastics with Tunable Properties, CellPress LabLinks: The Circular Plastics Economy: Linking Across Scales, virtual
event with 440 registered attendees. March 2021.

Process analysis for enzymatic PET recycling, Global Research and Innovation on Plastics annual meeting (via webinar), March 2021
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Presentations

Polyolefin upcycling in the BOTTLE Consortium, Annual SPE meeting (via webinar), February 2021

Biological processes for lignin and plastics conversion, University of California Riverside (via webinar), January 2021

160





